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Preface
The present volume is the second in a two-volume set dealing with modelling and numerical simulations in electrochemistry. Emphasis is placed on the aspect of nanoelectrochemical issues. It seems appropriate at this juncture to mention the nowgrowing body of opinion in some circles that George Box was right when he stated, three decades ago, that "All models are wrong, but some are useful". Actually, when the statement itself was made it would have been more appropriate to say that "All models are inaccurate but most are useful nonetheless". At present, however, the statement, as it was made, is far more appropriate and closer to the facts than ever before. Currently, we are in the midst of the age of massively abundant data. Today's philosophy seems to be that we do not need to know why one piece of information is better than another except through the statistics of incoming and outgoing links between information and this is good enough. It is why, both in principle and in practice, one can translate between two languages, without knowledge of either. While none of this can be ignored, and it may even be true that "All models are wrong and increasingly you can succeed without them" the traditional approach of scientific modelling is still the order of the day. That approach may be stated as hypothesize -measure -model -test. It is in this light that the present volume should be viewed.
Again, as in the case of the previous volume, it is worth noting that the demarcation lines between disciplines are no longer as clear as they used to be in the past. This positive state of affairs may be looked upon as one of the hallmarks of twenty-first-century science, enabling desired cross-fertilization between related and even not so related fields. This volume and the previous one are examples of this trend.
The reader is presented with ten chapters written by 21 experts in the fields of modelling in electrochemistry and its many subfields. The first chapter deals with the subject of modelling in electrochemistry in general. The second and third chapters take up issues dealing with optics as related to applications in nanoelectrochemistry. The fourth, fifth and sixth chapters refer to surface electrochemistry. The last of these introduces the subject of Monte Carlo simulations v vi Preface and thus establishes the connection to the mathematically related topics of the next two chapters, which deal with the mathematics of corrosion and density functional theory, respectively. The final two chapters discuss acoustic microscopy and current distribution in electrochemical cells.
As in the previous volume, the chapters are independent in that they may be read in any order that suits the reader. Omitting a given chapter simply because the reader is familiar with the subject matter and reading others should be of benefit no less.
Thanks are due to the 21 authors who made the volume possible.
Mordechay Schlesinger
University of Windsor Windsor, ON, Canada 
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Here n is the number of electrons lost and M n+ is the positive metal ion produced. Furthermore, e − refers to a single electron. This process leads to an electric current in the ionic solution. The net result is the degradation of the metal M.
One can utilize this process for two different purposes. The first application is protecting a metal from corrosion, whereas the second is to employ the reverse effect for plating the degrading metal on another metal. The former application is referred to as cathodic protection and the latter is known as electroplating. Figure 2 shows two bars made of zinc and copper immersed in an electrolyte (seawater). Needless to say, after some time, the zinc bar shows signs of corrosion. In this situation an electrical potential difference is established between the two metals which can be measured and is in agreement with the table of galvanic series in seawater. 1 Here, the zinc and copper bars acts as an anode and a cathode, respectively. The simple experiment demonstrates the basic idea behind the concept of cathodic protection. The zinc bar (anode) is being sacrificed to protect the copper bar (cathode). This method of cathodic protection is known as the sacrificial anodic method.
The sacrificial anodic protection method has been known since ancient times, dating back to 100 BC when Pilny the Roman employed it to prevent the corrosion of bronze and iron. In 1823, Sir Humphry Davy was commissioned by the Royal Navy to investigate the corrosion of copper used in the hulls of wooden battleships. 2 
II. A SIMPLE MATHEMATICAL MODEL
The mathematical model developed in this section is based on the conservation of charge. Consider a cube element of the electrolyte as shown in Fig. 3 . The sides of the cube have dimensions x, y, and z, respectively. In the absence of charge generation (within the cube), the inflow and outflow of charges must be equal. Therefore, given the charge density vector i = i x , i y , i z , one can write
Simplifying the expression leads to
Finally, dividing through by ΔxΔyΔz leaves us with the charge continuity: However, the charge density vector is proportional to the gradient of the electrical potential ψ. Therefore,
In (5), the constant σ is the conductivity of the electrolyte and has units of per ohm meter or amperes per volt meter.
Substituting the components of i x , i y , i z in (5) and dividing through by σ , one obtains the celebrated Laplace equation:
Equation (6) may be written in terms of the electrochemical potential φ, which is related to the electrical potential Ψ according to ψ = c − φ. For more details, see the Appendix.
This substitution leads to the same type of partial differential equation described by (7):
From this point on we will deal only with the electrochemical potential φ and refer to it simply as the "potential."
In the event that sources responsible for charge generation are present, (7) is modified accordingly and takes the following form. This is commonly referred to as the Poisson equation:
In this equation, S represents the strength of the source (or sink). Implicit in the above derivation is the assumption that the steady-state condition prevails and therefore no time variation is considered.
Equations (7) and (8) arise in many areas of science and engineering, such as fluid dynamics, heat transfer, elasticity, and electrostatics. The significance and simplicity of the Laplace equation has led to a great deal of mathematical research into its solution.
The domain in which the solution to (7) is being sought is either finite or infinite. For example, if the electrolyte is in a bounded container, the solution domain is finite. On the other hand, if one is investigating the cathodic protection of a ship in the open sea, the solution domain is infinite. The most common method for obtaining the solution to the potential function φ is the concept of separation of variables. 3 In this method, the function φ is assumed to be decoupled as shown below:
The functions X (x), Y (y), and Z (z) are to be found once additional information is provided. There are other analytical methods such as the conformal mapping technique that can be employed. The main difficulty with such analytical approaches is associated with irregular domains. Solutions can be found in simple domains such as circular, rectangular, and elliptical regions in two dimensions. With some additional effort, problems in simple three-dimensional domains can also be arrived at. In view of these facts, a numerical solution becomes necessary. These issues will be discussed in later sections.
Boundary Conditions
In electrochemical modeling, there are a variety of boundary conditions that can be specified. 4 If the value of the potential function is known at a point, the condition takes the form below, where φ constant is a constant:
The above condition is commonly referred to as the Dirichlet boundary condition. The known potential value is usually selected from the electromotive force series table.
The situation where the current is specified at a given point is known as the Neumann boundary condition. Mathematically speaking it is represented by
At well-painted surfaces (also called "insulated surfaces") the current normal to the surface is zero. Therefore, i e = 0 and (11) reduces to −σ ∂φ ∂n = 0.
(12) At the exposed surfaces, the current in the normal direction is no longer a fixed value but depends on the local potential value. This type of boundary condition is the mixed or Robin type. Symbolically, the mixed boundary condition is displayed below:
The term η = φ − φ 0 is known as the overpotential, where φ 0 is the electrode equilibrium potential. The function g (η) has the expression described in (14) and with this choice of the function, (13) is called the "Butler-Volmer equation." 3
In this equation, R is the universal gas constant, T is the absolute temperature of the electrode, F is the Faraday constant, and γ is a symmetry parameter ((4) is a consequence of the Tafel equation stating that η = a + blog (i)). In the event that the Butler-Volmer equation does not adequately model the physics of the problem, the experimental curve for the function g has to be used. This curve is known as the polarization curve. Figures 4 and 5 display a typical polarization curve for plain carbon steel in seawater. Figure 4 represents the scenario where the metal acts as the anode, whereas Fig. 5 corresponds to case where it acts as a cathode. Note that the potential is measured with respect to the silver-silver chloride electrode. Finally, in an impressed current system (used in cathodic protection systems), the magnitude of the current density is specified.
The boundary conditions associated with electrochemical processes are collectively associated with the subject of electrode kinetics. [5] [6] [7] 
III. APPLICATION IN CATHODIC PROTECTION
In the discussion to follow, we have ignored any physical variables (such as the conductivity σ ) and replaced the expression for the polarization curve with the mathematical function f (φ).
Cathodic protection is a method for protecting metals against corrosion. There are two techniques to achieve this objective. The first approach is to use a sacrificial anode (a less noble metal) and consume it to protect another metal. This technique has been utilized for centuries in marine structures. As pointed out earlier, the galvanic coupling between the two metals results in a current density flowing in the electrolyte as shown in Fig. 6a . In the second approach, known as an impressed current system, the current density is artificially created using an inert electrode. This is depicted in Fig. 6b . Mathematically speaking, the inert electrode can be viewed as a current source where the value of i is assumed to be a known constant at a point. In either case, the intent is to ensure that the potential on the noble metal is lowered below a threshold potential. Sometimes this threshold value is referred to as the protection potential.
The schematic in Fig. 7 depicts a bounded sacrificial cathodic protection system (bounded by the container). In this figure, it is assumed that the container is nonconducting and therefore the current density is zero on the container boundary. The governing partial differential equation and the associated boundary conditions are displayed in the figure.
The domain under consideration (electrolytic domain) may also be infinite. This is clearly the case in marine applications. A fictitious two-dimensional version of this situation is displayed in Fig. 8 . Here, the structure to be protected is the well-painted ship hull but with bare areas (cathode) being present. The hull is to be protected with anodic sections. The governing partial differential equation and the associated boundary conditions are depicted in the schematic. In the case of an infinite electrolyte, two auxiliary constraints are included. The behavior of the far-field potential φ ∞ is given by (16):
Here, φ ∞ is the unknown potential at infinity. The second constraint is based on the statement that the inflow of current equals the outflow of current; therefore, i dS = 0.
(17) Figure 8 . An infinite sacrificial anode cathodic protection system.
In terms of the potential function, (17) can be rewritten as ∂φ ∂n dS = 0.
The variable n in this expression represents the outward unit normal to the ship hull.
Iteration Process
Owing to the nonlinear boundary conditions, the governing boundary value problem has to be solved iteratively. Although the equation is solved numerically (the details will be discussed in a later section), we disregard this issue and assume that the solution to the linearized problem is somehow obtained. The most general format for the boundary value problem associated with a cathodic protection system is described below. 
